The time-temperature-transformation curves for three zirconium-based bulk amorphous alloys are measured to identify the primary factors influencing their glass-forming ability. The melt viscosity is found to have the most pronounced influence on the glass-forming ability compared to other thermodynamic factors. Surprisingly, it is found that the better glass former has a lower crystal-melt interfacial tension. This contradictory finding is explained by the icosahedral short-range order of the undercooled liquid, which on one hand reduces the interfacial tension, while on the other hand increases its viscosity. DOI: 10.1103/PhysRevLett.94.245501 PACS numbers: 61.43.Fs, 66.20.+d, 81.05.Kf, 81.10.Aj In recent years, several multicomponent alloys have been developed that can be cast in bulk amorphous form with cooling rates as low as 1 K=s [1] [2] [3] . Attempts have been made to explain the exceptional stability against crystallization in these systems by both kinetic and thermodynamic principles [4 -6]. From a kinetic point of view, the dynamic viscosity is an important parameter to describe the time scale for structural rearrangement of the undercooled liquid atoms for the growth of a crystal nucleus. From a thermodynamic point of view, the better glass former is expected to have a lower thermodynamic driving force for crystallization, which is given by the Gibbs free energy difference between the liquid and crystal, G. Particularly, in classical nucleation theory [7, 8] , the activation barrier for nucleation, G is expressed as
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where is the crystal-melt interfacial tension. It is clear from Eq. (1) that lower thermodynamic driving force and higher interfacial tension will lead to greater stability of the undercooled melt against crystallization. While a number of studies address the influence of thermodynamic and kinetic factors on the stability of undercooled liquids, no studies on their relative importance have been carried out to date. Also, there are no investigations dealing with correlations between the kinetic and thermodynamic factors to determine whether they stem from the same underlying property of the undercooled liquid.
In this study, we investigate the influence of G, melt viscosity, and crystal-melt interfacial tension on the glass-forming ability of three zirconium-based bulk amorphous alloys: (ZAC). These three alloys were chosen because of their widely different glass-forming abilities, but otherwise similar properties. The time-temperature-transformation (TTT) diagrams of these alloys, which give a quantitative measure of their glass-forming ability, were measured using the high-vacuum electrostatic levitation (HVESL) technique to eliminate any heterogeneous nucleation effects. A detailed description of the ESL facility is given elsewhere [9] .
The alloys were prepared from high purity starting materials in an arc melter. The glass-transition temperatures, T g , and the liquidus temperatures, T L , were obtained for the three alloys by heating with a rate of 0:33 K s ÿ1 in a differential scanning calorimeter. The T g and T L values for the alloys investigated in this study are summarized in Table I . Samples about 15 mg in weight (spheres 2 mm in diameter) were processed in the HVESL. To determine the TTT diagram, isothermal experiments were performed. Therefore, the molten sample was cooled to a predetermined temperature by turning off the laser, which was subsequently turned back on at a preset power to maintain an isothermal temperature.
Isothermal crystallization times are summarized as TTT curves for the three alloys that are shown in Fig. 1 . All three TTT curves have the ''C'' shape that arises from the competition between increasing thermodynamic driving force for crystallization and decreasing atomic mobility with increasing undercooling. The fits of the TTT curves using classical nucleation theory (CNT) are also shown in TABLE I. Characteristic temperatures (T g , T L , and T nose ), isothermal time at the nose temperature of TTT curve (t nose ), and critical cooling rates (Rc). 620  993  800  70  2  Vit106  682  1115  875  6  10  ZAC  753  1323  980  2  18 Fig. 1 and will be discussed later. For Vit1, the temperature at which the time for crystallization is minimum (commonly referred to as the ''nose'' of the TTT curve) is about 800 K. The corresponding nose time is about 70 s. The nose temperatures (T nose ), the isothermal times at the nose before crystallization (t nose ), and the critical cooling rates (Rc) for vitrification are summarized in Table I . The critical cooling rates, as listed in Table I , vary over an order of magnitude illustrating the wide range in glass-forming abilities of these alloys. The temperature dependent Gibbs free energy difference for Vit1 and Vit106 was determined in earlier publications [10, 11] . The Gibbs free energy difference for the two alloys was found to be similar at the same relative undercooling level. The entropy of fusion is experimentally found to be almost identical for the three alloys (S f 8:65, 8.5, and 8:7 J=mol=K for Vit1, Vit106, and ZAC, respectively), and G for ZAC is estimated to be very similar to Vit1 and Vit106 [12] . Thus, the thermodynamic driving force fails to explain the order of magnitude difference in critical cooling rates of these Zr-based bulk amorphous alloys.
The temperature dependent dynamic viscosities for all three alloys have recently been measured [13, 14] , and can be described by the Vogel-Fulcher-Tammann (VFT) equation [4, 5] : 0 expDT 0 =T ÿ T 0 , where T 0 is referred to as the VFT temperature, D is called the ''fragility parameter,'' and 0 is the high temperature limit of viscosity. The viscosity fitting parameters ( 0 , D, T 0 ) of the three alloys are listed in Table II . To study the influence of viscosity on crystallization time scales, the TTT curves for the three alloys are plotted in Fig. 2 with the temperature axis normalized by their respective T g . For clarity, only the fitting curves are shown because there is reasonable agreement between experimental data and the CNT fits. The nose temperatures of the three alloys are at the same position of about 1.3 on the normalized temperature axis. On the secondary y axis of Fig. 2 are shown the dynamic viscosities of the three alloys at the nose temperatures. The viscosities differ by almost 2 orders of magnitude. The almost 2 orders of magnitude difference in the crystallization times of the alloys can be explained by the 2 orders of magnitude difference in their viscosities (t x ). Thus, it is clear from Fig. 2 that dynamic viscosity plays the most decisive role in determining the critical cooling rates of these alloys when other parameters are held constant.
To investigate the role of interfacial tension on crystallization time scales, the TTT curves are analyzed with CNT. According to CNT, the time for crystallization, t x , is given by [8, 15] t x 3x
where x is the detectable volume fraction during the starting of the crystallization process (a value of 10 ÿ3 was 
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week ending 24 JUNE 2005 245501-2 used), I SS is the steady state nucleation rate, and u is the growth rate. Reasonably good fitting is obtained using the above equation for all three alloys as shown in Fig. 1 . The steady state nucleation rate is given by
where D eff is the effective diffusivity, A is a constant, k B is Boltzmann's constant, G is the activation barrier for nucleation [Eq. (1)], and f is the catalytic potency factor. Assuming a diffusion controlled mechanism, the growth velocity, u, is given by
where a is the interatomic spacing of the alloy. The interatomic spacing is estimated from the measured specific volumes [13, 14] , and an average value of 2.55 Å is used for all three alloys. (4)] except the interfacial tension (), the constant A, and the catalytic potency factor, f. To investigate the possible structural effects on the nucleation behavior of phases with different degrees of polytetrahedral order, the negentropic model by Spaepen [16] and Thompson [17] was used. The interfacial tension following such an approach is given by [16, 17] TS
where is a factor that depends on the structure difference between the crystal nucleus and the melt, V mol is the molar volume, S is the entropy difference between liquid and crystal, and N A is Avogadro's number. In earlier studies was calculated to be 0.86 for face centered cubic and hexagonal close-packed structures, and 0.71 for a body centered cubic structure [18] . However, is much smaller ( 0:3) for icosahedral quasicrystals [19, 20] and increases from 0.3 to 0.7 for phases with decreasing polytetrahedral order. The entropy difference between the liquid and the crystal decreases with deeper undercooling until it vanishes at the Kauzmann temperature [21] . Microstructural investigations for Zr-based bulk amorphous alloys have revealed a high density of nanocrystals with greater refinement at deeper undercoolings, which suggests a drastic reduction in the nucleation barrier close to the glass-transition temperature [22, 23] . A number of mechanisms have been proposed to account for this experimental observation [24, 25] . To incorporate this effect in CNT, we used temperature dependent entropy [10, 11] in Eq. (5), which makes the interfacial tension disappear at the Kauzmann temperature. The TTT curves were fitted using and A as the only variable parameters (listed in Table II) , while f is assumed to be one. The validity of assuming homogeneous nucleation [f 1] for thermally fluxed, containerless processed samples is discussed in an earlier publication [26] . Vit1 has an value of 0.35, indicating that the Vit1 melt would form icosahedral quasicrystals, which was, in fact, found experimentally by Waniuk et al. [27] . The values for the other two alloys suggest the formation of intermediate phases with lower polytetrahedral order ( 0:47 and 0.52 for Vit106 and ZAC, respectively) compared to Vit1.
The low values of in glass-forming alloys compared to pure metals and the nucleation of icosahedral quasicrystals indicates a high degree of polytetrahedral order in the undercooled liquid. Recent in situ experiments [28] provide direct evidence of icosahedral short-range order (ISRO) in undercooled alloy melts. However, ''given the local icosahedral coordination of the undercooled liquid, leading to easy formation of icosahedral clusters, it is surprising that these glasses can be cast at low cooling rates,'' as noted by Xing et al. [29] .
In a recent paper by Tanaka [30] , a direct correlation between ISRO and the viscosity of the melt has been theoretically analyzed, and the influence of the degree of ISRO in the liquid on its fragility is established. Fragility characterizes the steepness of the viscosity-temperature profile of a melt. In a recent study it was found that Vit1 is a much stronger liquid compared to Vit106 and ZAC [13, 14] . According to Tanaka's model [30] , good glassforming melts, such as Vit1, have a high degree of ISRO over the entire temperature range between their melting and glass-transition temperatures, which contributes to its ''strong'' liquid behavior. On the other hand, poor glassforming melts (such as pure metals and binary alloys) have a small degree of ISRO near the melting point, which rises significantly with lowering the temperature [31] , showing its ''fragile'' nature.
The greater the degree of polytetrahedral order in the undercooled liquid [i.e., the smaller the value of in Eq. (5)], the higher its viscosity [32] . The above trend in the value ( Vit1 < Vit106 < ZAC ) suggests that the Vit1 melt has the highest degree of polytetrahedral order. The high degree of polytetrahedral order in the case of Vit1 contributes significantly towards its high viscosity and low critical cooling rate for vitrification compared to the other two alloys. Roughly, the time for crystallization scales with the dynamic viscosity of the melt. The small activation barrier promotes prolific nucleation, while high viscosity retards nuclei growth in the case of Vit1. This results in the formation of a large number of small crystals and explains the contradictory experimental finding [22] of nanocrystallization in the case of an exceptional glass former such as Vit1.
